The association between the clinical use of nitroglycerin (NTG) and headache has led to the examination of NTG as a model trigger for migraine and related headache disorders, both in humans and laboratory animals. In this study in mice, we hypothesized that NTG could trigger behavioural and physiological responses that resemble a common manifestation of migraine in humans. We report that animals exhibit a dose-dependent and prolonged NTG-induced thermal and mechanical allodynia, starting 30-60 min after intraperitoneal injection of NTG at 5-10 mg/kg. NTG administration also induced Fos expression, an anatomical marker of neuronal activity in neurons of the trigeminal nucleus caudalis and cervical spinal cord dorsal horn, suggesting that enhanced nociceptive processing within the spinal cord contributes to the increased nociceptive behaviour. Moreover, sumatriptan, a drug with relative specificity for migraine, alleviated the NTG-induced allodynia. We also tested whether NTG reduces the threshold for cortical spreading depression (CSD), an event considered to be the physiological substrate of the migraine aura. We found that the threshold of CSD was unaffected by NTG, suggesting that NTG stimulates migraine mechanisms that are independent of the regulation of cortical excitability.
Introduction
Migraine is a common episodic, primary pain disorder affecting 6% of men and 17% of women in the USA (1) . For many patients, diverse environmental triggers elicit the typical phases of the migraine attack: aura, head pain, nausea and hypersensitivity to sensory stimuli. During the headache phase, stimuli that are normally innocuous, such as ambient light, sound, applying make-up or wearing a watch can be unpleasant or even painful. In fact, two-thirds or more of those with migraine experience increased sensitivity to non-noxious thermal and mechanical stimulation of the skin in non-cranial regions of the body (2) (3) (4) , by a mechanism that is likely to involve central sensitization (5) .
The clinical use of nitroglycerin (NTG) reliably produces a dull headache within the first few minutes of administration, presumably from the direct activation of cranial afferents secondary to NTG-induced vasodilation of cranial blood vessels (6) . However, 30 min to 4 h after administration of NTG, patients with a history of migraine also report the onset of delayed headache symptoms that are indistinguishable from their environmentally triggered migraines (7) . Furthermore, experimentally administered NTG induces migrainous headaches that are accompanied by thermal allodynia (8) , activate brainstem regions that are also active in a migraine attack (9) and can be blocked by migraine prophylactic agents (10, 11) . NTG can even trigger aura in some patients with an established history of migraine with aura (12) . NTG has thus been used extensively to model migraine in human subjects (13) . Interestingly, in other settings NTG reduces pain, such as its common use in myocardial syndrome, and topical NTG can reduce pain in patients with reflex sympathetic dystrophy or diabetic neuropathy (14, 15) .
The mechanism of NTG-induced hyperalgesia has been explored in rodents. Nitric oxide (NO) donors such as NTG (16) increase dorsal horn responses to afferent stimulation, sensitize a subpopulation of trigeminal afferents that innervate the dura, and have a role in inflammatory hyperalgesia (17) (18) (19) (20) . NTG induces hyperalgesia and Fos expression in the trigeminal nucleus caudalis (TNC) in rats (21) (22) (23) . Most interestingly, the antimigraine drug eletriptan, a serotonin 1B, 1D and 1F receptor agonist, suppresses NTG-induced Fos induction in the TNC (24) . NTG-induced hyperalgesia in animals may thus provide a behavioural model of the NTG-induced allodynia observed in humans with migraine.
In animal models, cortical spreading depression (CSD) manifests as a wave of concentric neuronal and glial depolarization (25, 26) , can induce activation of the TNC (27) , can be inhibited by migraine prophylactic medications (28) , and is more easily elicited in mice bearing mutations of the calcium channel subunit alpha 1A, which underlies familial hemiplegic migraine type I (29) . Importantly, waves of cortical activity highly suggestive of CSD occur in awake patients during migraine (30) (31) (32) (33) . As these studies suggest that cortical excitability in CSD is a physiological correlate of a predisposition to migraine, we also tested the hypothesis that NTG can lower the threshold for induction of CSD.
We first determined the doses of NTG that are required to trigger hypersensitivity to mechanical and thermal stimuli in wild-type C57BL6 mice. We report that systemic NTG evokes a dose-dependent thermal and mechanical allodynia with a delayed time course similar to that of NTG-induced allodynia in humans. Furthermore, we report that NTG-induced allodynia in mice is relieved by the antimigraine drug, sumatriptan.
Methods

Experimental animals
All experiments were conducted on C57BL6 male mice weighing 20-30 g. Animals were housed in a 12-h light-dark cycle. Experiments were conducted between 09.00 and 14.00 h at a temperature of 22 C. All protocols were approved by the Institutional Animal Care and Use Committee at University of California San Francisco or University of California Los Angeles.
Nitroglycerin administration
A stock of 5.0 mg/ml NTG (American Regent, Inc., Shirley, NY, USA) dissolved in 30% alcohol, 30% propylene glycol, and water was freshly diluted each day in 0.9% saline in a polypropylene tube. Doses of 0.5, 1, 5 or 10 mg/kg were administered intraperitoneally. Control mice received an intraperitoneal (i.p.) injection of 0.9% saline. The doses of NTG that were sufficient to produce allodynia in mice are comparable to those used to produce allodynia in rats (10 mg/kg NTG i.p.; (17) ), but are much higher than the total doses used in humans (40 mg/kg NTG by intravenous infusion) (34) or 0.9-1.0 mg sublingually (8) . These large differences in dosing between human and rodent may be due to the much more efficient hepatic bioactivation of NTG into the pharmacologically active NO in humans (35) .
Sumatriptan administration
Dilutions of sumatriptan were made from an injectable preparation of sumatriptan succinate at 12 mg/ml (GlaxoSmithKline Welcome, Chapel Hill, NC, USA). Five minutes after the administration of 10 mg/kg NTG, each animal was treated with i.p. sumatriptan (300 mg/kg, 600 mg/kg) or saline. Alternatively, an identical set of NTG-injected mice was treated with a single injection of intrathecal sumatriptan (0.06 mg in 5 ml) or saline at 5 min after NTG administration. Intrathecal (i.t.) injections were made in lightly restrained, awake mice using a 25-ml Hamilton syringe mounted onto a 30-G, 0.5-in needle inserted between the L4-5 lumbar interspace (36, 37) . As the effective i.t. dose of 0.06 mg is approximately 1/100 of the 300-mg/kg systemic dose, we believe that any observed effect is almost certainly via an action at a central target. Neither i.t. nor systemic sumatriptan at these doses produces any changes in acute nociceptive thresholds, nor do they cause any sensorimotor impairment that would interfere with these behavioural experiments (37) .
Behavioural assays
Animals were habituated to the testing apparatus for 60 min on the day prior to and again immediately before determination of baseline nociceptive thresholds. Each group of animals underwent one of two different tests before and following NTG injection. We tested 10-12 animals at each dose of NTG.
Heat sensitivity
To determine thermal nociceptive thresholds, we used the Hargreaves assay, which focuses radiant light on the hind paw and measures the latency in seconds to withdrawal of the hind paw (PAW Thermal Stimulator, UC San Diego Department of Anesthesia, San Diego, CA, USA) (38) . The heat intensity was calibrated so that a normal, untreated animal has an average latency of 8-10 s; to prevent tissue injury, a maximum cut-off value was set at 20 s. For each animal, the withdrawal latency is the average of three separate determinations, taken with at least 2 min between each trial. We used the Hargreaves test to measure thermal nociceptive behaviours immediately before and 30, 60, 90, 120 and 240 min after injection of NTG. The assays were conducted by a single experimenter blinded to the treatment groups.
Mechanical
Mechanical nociceptive thresholds were determined with von Frey (Semmes-Weinstein) monofilaments (North Coast Medical, Morgan Hill, CA, USA) using the up-and-down method (39) . We determined the baseline for each hind paw before injection (baseline), 1, 2 and 4 h after injection.
Statistical analysis
We presented the average value of the nociceptive thresholds from each group of mice. Statistical significance was tested by ANOVA analysis followed by Dunnett's test for multiple comparisons. Error bars represent S.E.M.
Immunohistochemistry
Each treatment group consisted of three mice. Two hours after i.p. injection of NTG (10 mg/kg) or saline, mice were anaesthetized with 2.5% Avertin and perfused intracardially with phosphate-buffered saline (PBS) and subsequently 4% paraformaldehyde. Whole brain and spinal cord were fixed for 15 h in 4% paraformaldehyde, and transferred to 30% sucrose in PBS for 24-30 h. Spinal cord and brain were frozen and transverse sections cut at 40 mm. Every third section was collected for staining. Free-floating sections were incubated in PBS and 0.3% Triton X-100 and 5% normal goat serum (NGS-T) for 1 h before incubation in primary anti-Fos (Oncogene Science, Cambridge, MA, USA) at a dilution of 1 : 50 000 in 1% NGS-T for 18 h at room temperature. Sections were washed in 1% NGS-T before incubation for 1 h in biotinylated goat antirabbit antibody (Vector Laboratories, Burlingame, CA, USA), washed in PBS-T and incubated in Extravidin peroxidase (Sigma-Aldrich Biotechnology, St Louis, MO, USA) for 1 h, followed by detection of the peroxidase with 3'diaminobenzidine (Sigma). Mounted and coverslipped sections were counted for Fos-reactive nuclei by a single observer in a blinded manner. Cervical level was determined based upon the morphological appearance of the section under brightfield, and the areas of lamina I and II of the cervical spinal cord dorsal horn were identified by the area of lucency in darkfield. We counted 30 hemi-sections from each treatment group for each cervical level (6-12 per animal), and 50 hemi-sections that included TNC (10-20 per animal).
Cortical spreading depression thresholds
Fourteen male C57BL6 mice, weighing 25-35 g, were housed in temperature-controlled rooms on a 12-h light-dark cycle. All experiments were performed at the same time of day.
Anaesthesia was induced (5%) and maintained (0.8-1.5%) with isoflurane. Each animal was placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA) and the parietal skull exposed. A glass microelectrode (2 mm diameter, 1 M KCl fill solution, 0.5 MX resistance) was advanced 500 mm into the cortex through a burr hole placed 0.5 mm anteromedial to lambda. A second burr hole was placed 0.5 mm from the temporal ridge midway between bregma and lambda, for CSD induction. A bipolar tungsten microelectrode (80 KX resistance, 300 mm tip diameters, tip spacing 200 mm) was inserted 500 mm into the parietal cortex through the second burr hole. The skull was coated with silicone oil to improve transparency. For CSD induction, a stimulus isolation unit (Grass SD9; Quincy, MA, USA) generated a bipolar stimulus train at 200 Hz, 200 ms pulse width, for 50 s, at increasing currents. Stimulus began at 12.5 mA and was increased every 100 s in fixed steps to a maximum of 1250 mA, until CSD was elicited.
The animal was placed on the imaging stage of a custom microscope and rested under anaesthesia for 1 h before imaging. The cortex was illuminated with a 940-nm light-emitting diode (Opto Technology, Wheeling, IL, USA). The use of infrared light allowed visualization of the CSD waveform through the intact skull. Reflected light was collected with a lens system consisting of two f/0.95 lenses connected front to front, focused on a high-sensitivity (0.00015 Lux) 8-bit charge-coupled device camera (Watec 902K; Tsuruoka, Japan). Field of view was 4.2 Â 3.2 mm, pixel size was 6.6 mm. Images were acquired at 2 Hz for 10 min, with CSD induction beginning 25 s into the recording. Field potentials were acquired (bandpass 0-1 kHz), amplified (A-M Systems 3000; Carlsborg, WA, USA), digitized (at 1 kHz, PCI-6251; National Instruments, Austin, TX, USA) and recorded and synchronized with imaging data, by a custom LabView Virtual Instrument (National Instruments).
CSD threshold was determined in three sessions per animal. The first was a control session to determine baseline CSD threshold. Thirty minutes after the first session, the animals were treated with NTG (10 mg/kg i.p.; n ¼ 7) or saline vehicle (n ¼ 7). Thirty minutes and 1 h after treatment, repeat thresholding sessions were performed. CSD was demonstrated by a change in the propagated optical intrinsic signal and corresponding negative d.c. shift in field potential. Mean thresholds, as well as amplitude, duration and area under the curve for the d.c. shift were computed for the three time points and compared by ANOVA (Microcal Origin 6.0; Northampton, MA, USA).
Results
NTG induces thermal hypersensitivity
To test whether NTG can increase thermal sensitivity in mice, we measured the latency to hindpaw withdrawal from a focused beam of radiant light (Hargreaves test (38) ) before and after administration of NTG. I.p. injection of NTG significantly reduced withdrawal latencies in a dose-dependent manner (Fig. 1) . At a dose of 10 mg/kg, NTG-induced thermal hypersensitivity developed within 30 min, peaked at 60 min, and subsided by 4 h after injection (P < 0.01 for all time points). Administration of 5.0 mg/kg NTG also significantly reduced withdrawal latencies (P < 0.05 for all time points), but the lowest doses of NTG (0.5 or 1.0 mg/kg) did not significantly affect response latency (P > 0.05).
NTG induces mechanical hypersensitivity
To evaluate NTG-induced changes in mechanical nociceptive threshold, we examined the hindpaw withdrawal in response to calibrated von Frey (Semmes-Weinstein) monofilaments (Fig. 2) . Administration of 0.5 and 1.0 mg/kg NTG intraperitoneally did not produce a significant difference in mechanical pain threshold compared with i.p. injection of saline. However, 5.0 and 10.0 mg/kg NTG produced a small but significant reduction in the mechanical nociceptive threshold 60 min after NTG injection (0.23 and 0.28 g following 5.0 or 10.0 mg/kg NTG, P < 0.05). Mechanical hypersensitivity persisted even at 4 h after injection of 5.0 or 10 mg/kg NTG (0.32 and 0.29 g, P < 0.05).
NTG and blood pressure
Because the vasodilator effects of NTG could cause significant changes in blood pressure, which could influence nociceptive behaviours (40), we tested the effects of NTG on blood pressure. Intermittent monitoring of blood pressure after i.p. injection of 5.0 or 10.0 mg/kg NTG in awake C57BL6 mice revealed no significant changes in blood pressure or heart rate at any of the experimental time points (supplemental Fig. S1 ).
Sumatriptan reduces NTG-induced thermal hypersensitivity
To determine further the parallels between NTG-induced allodynia in humans and mice, we next determined whether the antimigraine drug, sumatriptan, could reverse NTG-induced thermal hypersensitivity ( Fig. 3) . At 5 min after the administration of NTG, animals were treated with sumatriptan or saline. As noted above, withdrawal latencies were reduced in all animals 30 min after NTG injection (Fig. 1 ). However, in the sumatriptan-treated mice, withdrawal latencies returned to baseline at 60 min after NTG injection (10.1 AE 0.77 s for i.p. administration at 600 mg/kg and 11.02 AE 0.83 s for i.t. administration). In contrast, we found that neither saline (either systemic or i.t.) nor the lower dose of systemic sumatriptan (300 mg/kg) altered thermal thresholds during the 4 h after NTG injection (Fig. 3) .
Sumatriptan reduces NTG-induced mechanical hypersensitivity
We determined whether sumatriptan could also alleviate NTG-induced mechanical allodynia in animals injected with sumatriptan or saline at 5 min after the injection of NTG 10 mg/kg (Fig. 4 ). As noted above (Fig. 2) , mechanical nociceptive thresholds in the control group treated with NTG followed by saline at 5 min were significantly reduced at 60 min after NTG injection, and persisted throughout the 4-h study period. However, animals injected with NTG followed by a direct central nervous system (CNS) injection of sumatriptan (0.06 mg i.t.) had significantly higher mechanical nociceptive thresholds than control animals injected with saline (0.41 AE 0.08 g vs. 0.05 AE 0.05 g). Four hours after NTG injection, animals that received sumatriptan (0.06 mg i.t.) had recovered normal mechanical nociceptive thresholds, whereas NTGinduced hypersensitivity persisted in animals treated with systemic sumatriptan (600 mg/kg i.p.).
NTG activates trigeminal nucleus and spinal cord Fos expression
The pathophysiology of migraine is thought to involve the activation of upper cervical dorsal horn and TNC, which receive sensory input from craniofacial deep tissues (41) . We hypothesized that the NTG-induced hypersensitivity we observed in the hindpaw could also be observed throughout the spinal cord dorsal horn, including the cervical spinal cord dorsal horn and TNC. To measure NTG-induced neuronal activation, we used immunohistochemistry to detect the expression of the Fos early gene product, at 2 h after injection of 10 mg/kg NTG or saline. NTG) (ANOVA analysis **P < 5 Â 10 À3 ; *P < 5 Â 10 À2 ). The difference between i.p. injection of 600 mg/kg sumatriptan and saline is not significant at other time points. Figure 5 illustrates the distribution of Fos-immunoreactive neurons in the upper cervical spinal cord and TNC. Compared with saline injection, NTG injection approximately doubled the average number of Fos-immunoreactive neurons in the primary nociceptive regions of laminae III-V of the cervical dorsal horn, an area associated primarily with processing non-nociceptive information (Fig. 5 ). NTG did not significantly increase Fos expression in laminae I-II or VII-X. In the TNC, NTG more than doubled the number of Fos-expressing neurons compared with saline.
NTG effects on CSD threshold
To test whether NTG administration influenced CSD, we measured the threshold stimulus required to induce CSD before and after administration of NTG. No significant differences were noted in CSD thresholds for NTG (10 mg/kg) vs. vehicle-treated animals at any of the time points tested (Fig. 6 ). We also measured field potentials during CSD and again found no significant difference in amplitude, duration or area under the curve of the extracellular negative d.c. shift characteristic of CSD, in NTG-vs. vehicle-treated animals (data not shown).
Discussion
In the present studies in the mouse, we monitored allodynia, susceptibility to CSD and a marker of neuronal activation produced by systemic injection of NTG. NTG induced thermal and mechanical hypersensitivity that persisted for up to 4 h after its administration. We found that NTG also induced significant Fos expression in neurons of the TNC and upper cervical dorsal horn, but did not reduce the threshold for CSD. Finally, we demonstrated that i.t. sumatriptan significantly reversed the behavioural hypersensitivity produced by NTG in non-cranial regions of the body.
The behavioural assessment of allodynia in mice
It is difficult, if not impossible, to determine behaviourally the subjective quality of headache in mice. However, the observation that migraine attacks in humans often initiate a generalized central sensitization affecting the entire body (2,3) suggests that reduced VII-X I-II III-V VII-X TNC 0 nociceptive thresholds, even in non-cranial regions of the body, could constitute a behavioural correlate of the progression of a migraine attack (5) . Thus, we hypothesized that NTG could also be used in mice to model the allodynia that occurs in migraine.
We found that 10.0 and 5.0 mg/kg NTG, but not lower doses, induced significant and prolonged hypersensitivity to mechanical and thermal stimuli in mice. Using Fos expression as a marker of neuronal activity, we showed that systemic 10 mg/kg NTG also increased activation of neurons in the C1 and C2 dorsal horn and in the TNC. The increase in NTG-evoked Fos expression in the TNC and cervical dorsal horn is a correlate of neuronal activity that may underlie the observed thermal and mechanical hypersensitivity.
NTG-induced mechanical and thermal allodynia can be attenuated by sumatriptan
Importantly, we have shown that administration of either 600 mg/kg i.p. or 0.06 mg sumatriptan i.t. alleviated the NTG-induced thermal and mechanical hypersensitivity. In these experiments, i.t. sumatriptan was more effective than systemic sumatriptan at reducing NTG-evoked mechanical and thermal hypersensitivity, suggesting that NTG exerts its effects on CNS targets (17) , as does sumatriptan (37, (42) (43) (44) .
NTG does not affect CSD thresholds
Susceptibility to CSD has been used as a measure of cortical excitability in migraine models, and the fact that female mice have reduced thresholds for CSD compared with male mice interestingly parallels the increased prevalence of migraine in women (45) . Here we found that NTG did not change the threshold required to induce CSD in C57BL6 mice. Furthermore, we found no effect of NTG on the electrophysiological correlates of CSD. Our experiments, however, do not entirely rule out an effect of NTG on CSD. We tested CSD threshold at times and doses comparable to those that produced the greatest effect 1.
2.
3.
3.
4.
4.
5.
5. on behaviour (i.e. at 30 and 60 min after injection of 10 mg/kg NTG). It is possible that NTG could alter CSD thresholds at times earlier than we tested, given its rapid onset of action. There is evidence that other NO donors can modulate CSD. For example, NO contributes to the arteriolar dilation that takes place during CSD (46) , and Petzold and colleagues have reported that nitric oxide synthase (NOS) inhibitors, applied topically to rat brain, reduced the CSD threshold, probably via NO-mediated modulation of n-methyl d-aspartate glutamate receptors and P/Q voltage gated calcium channels (47) . In these experiments, NO donors prevented the effects of NOS inhibitors when applied concurrently; whether NO donors alone affected CSD thresholds was not investigated, but these data suggest that NO donors in fact work to increase the CSD threshold.
Although mutations that potentially contribute to migraine have been identified, an established method to address their contribution to pain in mice has been lacking (29, 48) . Nitroglycerin sensitivity may be a useful tool to examine mice bearing mutations associated with migraine. Thus, we anticipate that a measure of sensitivity to NTG will complement a broad panel of studies, to examine other elements in the migraine constellation.
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